The photoelectron spectra excited by 21.21-eV photons in argon, krypton, xenon, hydrogen, nitrogen, carbon monoxide, oxygen, and nitric oxide have been re-examined using a 180 0 magnetic-field electron velocity analyzer. In favorable cases peaks corresponding to vibrational levels in the resulting positive ion are completely resolved giving directly the Franck-Condon factors. Where the vibrational peaks are not fully resolved, the relative order of intensities is apparent and comparison is made with calculations of the Franck-Condon factors. Vibrational structure associated with the second level of nitric oxide is observed for the first time, and this allows an accurate value (15.65 eV) to be attached to the adiabatic ionization potential of this level.
I. INTRODUCTION
I N earlier papersl-6 the molecular photoelectron spectroscopy technique was described and applied inter alia to the rare gases and diatomic molecules, which are also the subject of this paper. The experimental method described, though simple to applyelectron velocity analysis was performed using just a pair of cylindrical grids-yielded a wealth of information on higher ionization potentials and in addition revealed ionic vibrational fine structure in the photoelectron spectra of the diatomic molecules.
Considerable difficulty has generally been experienced using threshold photon-and electron-impact techniques to detect ionic vibrational structure in ionization cross-section curves. The ob'stacles have been partly experimental, it being difficult to obtain sufficiently monoenergetic sources which at the same time offer a copious photon or electron flux. In addition there are fundamental difficulties in the use of threshold techniques to measure ionization potentials particularly higher ionization potentials in that ambiguities arise in attempting to distinguish the relevant direct ionization processes M-?M++e,
M-?M+*+e,
from other irrelevant processes such as dissociative ionization M-?A++B-
or autoionization
M-?M*-?M++e.
Both sources of difficulty have been avoided by helium-resonance-line photoelectron spectroscopy, and it has been possible to demonstrate a direct relationship between the shapes of the bands in the photoelectron spectra and the orbital bonding characters in molecules of some complexity3 by assuming FranckCondon control of intensity distribution among the (usually) unresolved vibrational structure.
The probabilities for vibrational and electronic transitions in vibronic excitation are, as is well known, separable, and the former, representing the distribution of intensities in the vibrational fine structure, are represented by Franck-Condon factors.
It is expected that the electron flux associated with each vibrational component of the electron spectrum (ionization from the molecular ground vibrational state to a particular vibrational level of the molecular ion) will be determined inter alia by the product of the ionization cross section for ionization (O"i) to the appropriate electronic state and a Franck-Condon factor. It should thus be possible to estimate FranckCondon factors from the relative heights of the vibrational components in an electron energy spectrum provided that suitable corrections can be applied for variations in band shape and 0"; with electron energy (vide infra) .
The theoretical calculation of Franck-Condon factors for transitions from a diatomic molecule in its ground electronic state to various vibrational levels of the ion in different electronic states has been the subject of a number of studies mainly by Wacks, Nicholls, and, more recently, Halmann and Laulicht. This last paper7 embraced all five diatomic molecules examined in this work and reviewed both the theoretical and experimental studies up to that time.
The previous photoelectron energy spectra of these gases8.5 showed spectral peaks having characteristic asymmetry. This resulted from using a cylindrical retarding-field analyzer, so that lower-energy peaks were superimposed on the long tail of the higherenergy ones. Although the vibrational components could be seen their separation was sufficient to permit only a very approximate comparison of their relative intensities.
The asymmetry was no doubt due to electrons ejected at angles other than at right angles to the photon beam and any that were deflected by the grid wires also contributed. To overcome this we have now used a deflection-type selector in order, in the first instance, to obtain more symmetrical peaks. The instrument described here is the result of a compromise between resolving power and sensitivity in order to be able to extend the measurements to involatile or complex compounds.
II. EXPERIMENTAL
The selector used was a small 180 0 magnetic-field type (Fig. 1) . The entrance and exist slits (Sl, S2) were both 0.2 mm wide by 8 mm high, while the electron-orbit radius was 20 mm. A beam of monochromatic photons (21.21 eV) produced as described before 3 entered the target chamber A through a capillary tube (0.5-mm bore), the helium gas having been removed through a port external to the chamber. The beam's direction was parallel to and directly over the entrance slit Sl and some 1.5 mm from it. The gas under investigation was continuously fed into the target chamber at several hundred microns pressure and could escape only through the entrance slit Sl. lt then entered the main body B of the selector, which was a low-pressure region being pumped out through the electron baffle T. Only photoelectrons ejected radially within a small arc (±7 deg) at right angles to the beam could emerge from the slit S2. The whole selector was immersed in a magnetic field parallel to the photon beam supplied by Helmholtz coils (lO-in. diameter) .
Electrons emerging from the exit slit S2 were directed on to the first dynode (placed 1 cm away) of a 17-stage electron multiplier (EMI Type 9643). Both multiplier and selector were mounted in the same glass envelope which was connected directly to a 2-in. mercury diffusion pump.
The photoelectron spectrum was scanned by increasing the magnetic field slowly so that electrons of increasing energy came to focus in turn. The pulse output from the multiplier was amplified and the coun t rate recorded on the Y axis of an X -Y recorder; the X axis recorded the applied field the latter being proportional to the square root of the electron energy.
Defocusing effects of the earth's field were reduced by mounting the axis of the selector in a northsouth direction. The north-south horizontal component of the earth's field then subtracted from the main Helmholtz field. The vertical component was balanced out by four appropriately placed magnets. The spectra were calibrated in terms of momentum using the argon and xenon peaks as standards. The field for any peak was measured by recording on a digital voltmeter the potential drop across a 1-0 resistance (constantan wire) in series with the Helmholtz coils. The horizontal component of the earth's field was thus equivalent to a small momentum error and was substracted before deriving electron energy values which were estimated correct to ±0.02 eV.
m. RESULTS AND DISCUSSION

A. Energy Resolution and Peak Shape
The theoretical energy-resolving power E/ l:.E for this selector is calculated to be about 100 for zero slit length. This value is reduced in practice to about 40 with the length of slit employed, this figure being an experimental estimate based on the width at half height of the xenon 2 PI peak (Fig. 2 ). There is thus not a large increase in resolving power at higher electron energies (5-15 eV) compared with the coaxial grid selector previously used by us.
3 At lower energies, however, the improvement is much more marked. Moreover, with the present analyzer the peaks are much more nearly symmetrical especially those at lower electron energies. The peak count rate for each vibrational component can then be related directly to Franck-Condon factors, a simplification which was not possible with the spectra from the retardingfield analyzer.
The heights of the peaks making up the vibrational fine structure on the various bands are here compared in two ways with the corresponding calculated values of Franck-Condon factors taken from Halmann and Laulicht's paper.7 Where the peaks are fully resolved, an experimental value for the Franck-Condon factor is given (corrected for electron energy, vide infra). Where the peaks are not completely resolved, we have drawn lines of length proportional to the calculated Franck-Condon factor under each respective peak to indicate the order of agreement. In cases where considerable peak overlapping occurs, the highest peak might not necessarily be the most probable, owing to the slight residual asymmetry.
In both cases there are two additional considerations. The first is that the spectra scanned by a varying magnetic field are momentum distribution curves. The electron energy bandwidth is thus increasing with electron energy, and to compare the true relative peak heights we divide the height of each peak by the square root of its corresponding electron energy.s (This is the correction applied to fully resolved peaks.)
The second point is that the photoionization cross section usually decreases slowly as the quantity (hv-I.P.) increases. For example, from the photoionization cross-section curve for hydrogen, 9 the decrease in photoionization cross section near 21.21 eV is about 10%/eV. Hence comparing the ~O component at I.P. 16.43 (electron energy, 4.78 eV) and the 0+-0 component at I.P. 15.45 (electron energy 5.76 eV) one might expect 10% reduction in height of the latter peak with respect to the former. These two effects are of the same order, but opposed, so that to a first approximation the experimental spectra may be compared without correction with the calculated data.
B. Argon, Krypton, Xenon
The photoelectron spectra of these gases are shown in Fig. 2 . All three show doublets corresponding to transitions from the ground state of the atom to the 2 P! and 2 P t states of the ion. The ratio of the peak heights (after correction for electron energy) in the fully resolved xenon spectrum (Fig. 2) 14% decrease in photoionization cross section per electron volt. Assuming that the decrease is exactly comparable in both ion states, we can make a correction for this and arrive at a figure of 2.00: 1 for the ratio. Similar treatment for krypton which is not quite fully resolved gives a ratio of 1.79: 1 (after electronenergy correction) and 1.95: 1 after correction for the cross-section effect using the data of Comes.
l1 From the statistical weights of the two states we expect the relative intensities to be in a 2: 1 ratio. The experimental values given above are thus in very good agreement with this expected ratio after correction.
C. Hydrogen
The photoelectron spectrum of hydrogen is given in Fig. 3 and shows 11 clearly identifiable peaks that correspond to vibrational levels in the hydrogen ion with intensities which resemble the calculated values. The positions of the first 10 of these are recorded in the does not occur, since, although the convergence of the vibrational spacing toward the dissociation limit of H 2+ is evident, no change in the electron flux can be detected at the convergence limit (marked in Fig. 3 with an arrow). The calculated data 7 for the first I.P. show that the ~O transition is by far the most probable. This is borne out by the spectrum where only the first level at J.P. 15.59 eV appears strongly but two much weaker shoulders can be seen. In the second band which results from removal of an electron from a quite strongly bonding orbital, up. to seven vibrational peaks can be seen, the ~o appeanng at 16.73 eV. The positions of these are recorded in Fig. 4 . The intensity pattern agrees with the calculated data the 1~0 level appearing the strongest.
The vibrational structure of the third I.P. is not apparent on the full-sweep spectrum because of the fast scan speed and the weakness of any level other than the ~O. However, a very slow scan though this region of the spectrum (inset) reveals the weak 1~0 peak. The two components are fully resolved so that the Franck-Condon factors have been measured directly from the spectrum (after correction for electron energy) and are close to the calculated values (table in Fig. 4 ).
E. Carbon Monoxide
The photoelectron spectrum of carbon m~noxide is given in Fig. 5 and can be seen to resemble qUite closely that of the isoelectronic molecule nitrogen. The three bands correspond to ionization to the X 2~+, A 2JI, and B 2~+ states of the ion, and all three ~O levels give I.P.'s in good agreement with established values.
The first J.P. relates to removal of an electron even less bonding that the corresponding one in nitroge~, the ~O peak only appearing at I.P. 14.00 eV. It IS difficult to see signs of any further levels, especially as the ~O peak (electron energy 7.21 eV) will have noticeable asymmetry (d. xenon peaks, Fig. 2 ). This absence of further obvious vibrational components is in accord with the calculated Franck-Condon factors of 0.964, 0.036, and 0.0001 for ~O, 1~0, and 2~0 vibrational levels respectively. The second I.P. relates to a strongiy bonding level, and 10 vibrational components can be seen in the spectrum (Fig. 5) . The positions of these are recorded in the table i? Fig .. 5 . Once again the experimental and calculated mtensity patterns seem in good agreement. . . The third I.P. relates to a level a little more bondmg than that in N2 and three almost fully resolved vibrationallevels can be clearly seen (Fig. 5) . The measured Franck-Condon factors (corrected for electron energy) are compared in the table in Fig. 5 with the theoretical values. 7
F. Oxygen
The oxygen spectrum given in Fig. 6 is a good example of how this technique not only gives I.P. values but also an impression of the bonding character of the orbitals from which electrons are removed.
The first band, O 2 + X 2IIg (Fig. 6) is not well resol,:,ed because of the relatively high energy of the resultmg photoelectrons. The ~o component appears at I.P. 12.08 eV, and four further components can be seen-the fourth appearing as a weak shoulder. The mean spacing of the first four peaks is 0.22 eV. ..
-..
..
The weakness of the 0+--0 component of the second band (Fig. 6 ) appearing at LP. 16.12 eV is in good agreement with the weakness of calculated transition probability and confirms our speculation concerning it in a previous paper.5 We ascribe this band to a transition to the 4II" state of the ion. The fact that the band shows no discontinuities confirms that we do not abserve the 2II" state (17.18 eV) which should appear in the region of the tenth peak (I.P. 17.14 eV). At least Nq'lJ' NO, TI' with the ~O at I.P. 18.17 eV the strongest. The spectrum is in good accord with the calculated data and the measured I.P.'s are given in the table in Fig. 6 .
The ~O component of the fourth band (Fig. 6 ) appears at I.P. 20.29 eV. The origin of this state is undecided and our assignment of it to a 4~u state, i.e., removal of a uu2s electron is at variance with for example Codling and Madden. 12 The peaks are almost fully resolved, and their positions and corrected Franck-Condon factors are summarized in the table.
No calculated values are available for this level but the intensity pattern is in agreement with that from the 12 K. Codling and R. P. Madden, J. Chern. Phys. 42, 3935 (1965) . coaxial grid spectrum. 5 The 5f-0 and 6+-0 components appear at very low electron energy, so even though their appearance was reproducible not too much importance should be attached to their intensities.
G. Nitric Oxide
The spectrum of nitric oxide, Fig. 7 , shows four bands each of which we consider to arise in an exactly analogous way to the corresponding bands in the oxygen spectrum. 5 The first band (Fig. 7) bears a close resemblance to the first band of O 2 • The ~O component appears at I.P. 9.24 eV, and four other peaks and two weak shoulders can be made out. The vibrational spacing over the first four components is 0.28 eV, and the intensity pattern is seen to be a good agreement with the calculated intensities.
The three remaining bands overlap each other (lower part of Fig. 7 ) so that the nitric oxide spectrum is not so distinct as the other spectra. Two of the bands have relatively intense peaks and these are superimposed on a long series of many weak vibrational peaks. The sharp peak at I.P. 16.52 eV corresponds to the ~O component of the third level in our previous assignment. The two sharp peaks at I.P.'s 18.26 and 18.44 eV correspond to the Of-O and If-O components of the fourth level. The intensities of these components are in agreement with the calculated values of 0.688 and 0.292. The position regarding the second level is now much clearer. Vibrational components can be seen above the third level as well as between the third and fourth levels. Identification of the Of-O component at I.P. 16.65 eV gives the first accurate determination of this level, and five additional peaks can be seen before the band is swamped by the very intense ~O component of the third level at LP. 16.52 eV. Subsequently further peaks appear again until the Of-O component of the fourth level at LP. 18.26 eV. The spacing over the first group of peaks (0.145) is the same as that over the second group, and the two series seem to fit one another reasonably well. We therefore infer that they belong to one series. The measured I.P.'s are given in the table in Fig. 7 , together with the three values for the obscured components estimated by interpolation.
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